Atypical patterns of sensory and motor behavior are present in a number of developmental diagnostic conditions including autism spectrum disorders (ASD). Sensory Integration treatment, aimed at ameliorating these behaviors, is one of the most common rehabilitation techniques sought out by parents of children with these disorders (Green et al. [@CR25]). The theoretical framework underlying this treatment strategy suggests that actively engaging children in complex and meaningful sensory and motor activities in an opportunity-rich environment can produce meaningful changes in attention and arousal regulation, motor planning and coordination, and social interaction and play abilities. Evidence for the effectiveness of sensory integration treatment is emerging (Fazlioglu and Baran [@CR20]; Miller et al. [@CR45]; Schaaf and Nightlinger [@CR70]; Smith et al. [@CR75]), but is plagued with methodological issues spanning from what constitutes sensory integration treatment to what outcomes are expected from this type of intervention (Parham et al. [@CR52]; Williames and Erdie-Lalena [@CR86]). At the same time, the field of behavioral neuroscience has been successful in using a paradigm of enriched environments for over five decades to measure the rehabilitative and preventative effects of sensory, cognitive and motor stimulation in animal models. Much of this work has been done with rats and mice, and this rodent work will be the focus of this paper. While extreme caution must be employed when comparing human and animal models, it is worth considering how successful and related animal paradigms can better inform selection of treatment parameters and outcome measures in human studies. The aims of this paper are to review the paradigm of environmental enrichment, compare essential features of animal models of enriched environments to principles of sensory integration treatment, and discuss applications for the rehabilitation of neurodevelopmental disorders.

Enriched environments {#Sec1}
=====================

The concept of enriched environments was first described by Hebb ([@CR29]) who noted qualitative differences in behavior between the rats he brought home for his children to play with, and the rats who were cage-kept in the laboratory. It was not until the early 1960s that biochemical and structural changes were found in the brains of rats exposed to enriched laboratory environments, providing evidence that changes in the complexity of the environment and interaction in that environment can have a direct impact on the central nervous system (Krech et al. [@CR36]; Rosenzweig et al. [@CR67]). Since that time, numerous studies have used paradigms of enriched environments to study the mechanisms of experience-dependent plasticity in the central nervous systems of rats and other animals (for a review see Nithianantharajah and Hannan [@CR49]).

Environmental enrichment involves changes to an animal's home cage or secondary exploratory area which provide enhanced sensory, motor, cognitive and potentially social opportunities. These enhancements are relative to standard housing conditions which generally entail a cage with bedding and access to food and water (Nithianantharajah and Hannan [@CR49]). While different labs have employed different protocols, an enriched environment is often a large space (relative to the home cage) which allows exploration and the introduction of a variety of objects. These objects, varying in shape, size, weight, smell and texture, may include tubes, balance platforms, climbing apparatuses, balls, or running wheels which are generally changed out or manipulated in some way on a scheduled basis to maintain the concept of novelty and complexity in the environment. Nithianantharajah & Hannan, suggest that the key feature of environmental enrichment is the aspect of environmental complexity, provided through a range of opportunities for stimulation in areas of visual, somatosensory, and olfactory systems. The changes noted following environmental enrichment are often described as *experience dependent*, indicating that they result from active interaction between the animal and the affordances available in the environment.

Sensory integration treatment {#Sec2}
=============================

Sensory Integration (SI) treatment was originally described by Ayres who noted that "the child must participate actively with the environment to improve the organization of his nervous system...equipment used in sensory integrative therapy is designed to entice the child into activities that provide sensations that tend to organize young human brains" ([@CR2], p. 142). Thus from its inception, sensory integration treatment has been conceptualized as an active process in which the child, guided by a trained therapist, engages with the physical environment to promote neurological change. By definition, sensory integration intervention provides the child with environmental complexity and the opportunity to experience a variety of sensory inputs. Further, because sensory integration intervention is designed on the basis of individual child needs, creating for each child an environment that entices engagement and interaction, gains made by the child are experience dependent. As such, sensory integration intervention embraces the key features of environmental enrichment presented above.

In the last decade, however, the growing popularity and marketability of sensory-based therapeutics has led to the emergence of a variety of programs and products claiming to be sensory integration. These programs, which may include children passively listening to music, repeating computerized motor patterns, or wearing special garments, often lack the core principles originally described by Ayres. In an attempt to identify and characterize fidelity to sensory integration treatment, Parham and colleagues ([@CR52]) reviewed key literature on the theoretical and pragmatic guidelines for SI intervention. From this review, core process elements were identified which must be present in order for an intervention to be considered sensory integration. These core process elements align with the model of enriched environments, specifically the importance of providing multiple sensory opportunities/stimuli, providing increasing challenges, freedom to explore and choose activities, and providing equipment and arranging the room to facilitate engagement (Parham et al. [@CR52]; Parham et al., [@CR53]). What appears to be unique about SI treatment, when compared to the paradigm of environmental enrichment, is the role of the therapist in facilitating interaction and motivation, supporting optimal arousal, and working beyond the therapy session with families and teachers (Parham et al., [@CR53]). Parham and colleagues ([@CR52]) identified these therapist-child interaction features as fostering of a therapeutic alliance between therapist and child, and deemed them a critical aspect of the core elements of Ayres sensory integration intervention. Table [1](#Tab1){ref-type="table"} presents a comparison of essential features of Ayres-based SI clinical treatment and the animal model of environmental enrichment. Table 1Comparison of essential features of SI and enriched environment modelsEssential featuresEnriched environmentsSI interventionSensory ExperiencesLarge cage to explore, equipment to climb, balance, smell, touch, and push.Large therapy space with points of suspension for swings. Ramps, tunnels, balls, cushions, climbing and jumping devises.Structural FeaturesAdequate space and multi-sensory equipment must be present and available during "treatment" conditionAdequate space and multi-sensory equipment is necessary. Also, therapist must be present and have adequate training/qualifications.NoveltyExperimenter changes the material presented in cage on scheduled basis.Variety of materials available. Therapist's role to facilitate more challenging or imaginative play activities and change materials as deemed appropriate on a child by child and session by session basis.ChallengeComplexity of environment provides opportunities for more complex motor patterns and integrative experiences.The environment itself should afford sensory-motor challenges, but it is the role of the therapist to facilitate the "just-right challenge".Active EngagementTo benefit from the enriched environment, animals must actively engage with the materials in the environment.Child collaborates with therapists on activity choice and is actively engaged in planning and executing sensory and motor activities.Play/EnjoymentSensory and motor experiences are generally enjoyable and encourage engagement (sensory stimuli presented is not noxious or aversive)Therapist creates a context of play- facilitates child's own social, motor, imaginative or object play.SocialSometimes multiple animals are introduced to the enriched environment simultaneously to facilitate social interaction.Primary social relationship is between therapist and child. Social interaction between children may occur but this is not identified as a core element of SI treatment.SafetyWhen social interactions occur, generally animals are of the same size, and "bully" animals are not introduced into the cage.Therapist ensures physical safety through placement of equipment and maintaining proximity to child. Emotional safety in the form of sustaining optimal levels of arousal.

Neurological outcomes of enriched environments {#Sec3}
==============================================

Scientists have proposed that environmental enrichment, that is animals engaging with novel and complex multi-sensory environments, should result in enhancement in neural plasticity. Neural plasticity is the ability of the nervous system to change in response to experience or the environment (Breedlove et al. [@CR11]). While neural plasticity is is a fundamental property of the brain, present with or without enrichment, it is believed that sensory enrichment can be powerful in driving meaningful and functional changes in the cortex through plastic mechanisms. These changes can be measured in a variety of ways both in neurons themselves and in cells that support neuronal growth and function.

One way enriched environments have been shown to change brain structures is through changes in dendritic branching and synaptogenesis. Because enriched environments facilitate performance of new and more integrated sensory and motor patterns, researchers hypothesized that both the number of dendrites and the number of dendritic connections should increase in response to this paradigm. Research supporting this hypothesis abounds, with specific changes noted in the visual, auditory and somatosensory cortexes and in the hippocampus (Bose et al. [@CR10]; Connor et al. [@CR15]; Faherty et al. [@CR18]; Greenough and Volkmar [@CR26]; Leggio et al [@CR40]; Turner and Greenough [@CR78]). Additional dendritic enhancement has been noted in areas of the cerebellum and motor cortex (Greenough et al. [@CR27]; Floeter and Greenough [@CR21]; Turner et al. [@CR81]).

Further, new experiences, facilitated by the enriched environment, have been shown to generate new neurons. Neurogenesis has been explicitly found in areas of the hippocampus following environmental enrichment paradigms (Kempermann and Gage [@CR32]; Brown et al. [@CR12]) and these changes have been directly correlated with improvements in learning and memory (Bruel-Jungerman et al. [@CR13]). Additional evidence of cell proliferation has been demonstrated in the amygdala, a key emotion-related structure in the brain (Okuda et al. [@CR50]). This growth of new cells has been demonstrated throughout the lifespan, and experience-dependent plasticity appears to serve as a protective factor against diseases such as Alzheimer's and Parkinson's (Faherty et al. [@CR19]; Herring et al. [@CR30]; Savioz et al. [@CR69]).

Plasticity has also been reported in non-neuronal cells such as astrocytes and oligodendrocyptes, glial cells present throughout the brain (for a review see Dong and Greenough [@CR17]). These cells play a key role in support and protection of neurons, specifically in myelination of axons and anchoring neurons to their blood supply. Recent work suggests a role for glial cells in neurotransmitter availability for synaptic plasticity (Bezzi et al. [@CR7]). These enhancements in gliogenesis and neurogenesis along with changes in structural connectivity are noted by Dong and Greenough ([@CR17]) to be important considerations for conditions such as autism, epilepsy, and Fragile X syndrome which have underlying abnormalities in both neurons and glia.

Functional outcomes of enriched environments {#Sec4}
============================================

Functional outcomes of enriched environments have been measured based on 1) proposed neurological changes, and 2) proposed etiology or underlying symptomatology in the animal models. Globally, functional changes have been noted in the areas of motor performance, learning and memory, social-emotional behavior and sensory processing in animal models of neurodevelopmental disorders.

Autism is a neurodevelopmental condition with a strong genetic component (Bohm and Stewart [@CR9]; Folstein, and Rosen-Sheidley [@CR22]; Santangelo and Tsatsanis [@CR68]), characterized by atypical social behaviors, restricted interests and stereotyped behaviors, and impairments in language and communication (American Psychiatric Association \[APA\], [@CR1]). Atypical patterns of sensory processing have been widely reported in this population (Baranek et al. [@CR4]; Leekham et al. [@CR39]; Tomchek and Dunn [@CR77]). The development of animal models for investigation of autism has guided understanding of both behaviors associated with autism, and potential interventions. In one model, rats are injected with valproic acid (VPA) on day 12.5 of gestation; the behaviors that unfold with development simulate symptoms of autism. These animals demonstrate lower sensitivity to pain, higher sensitivity to non-painful stimuli (hypersensitivity), locomotor and repetitive/stereotypic-like hyperactivity, lower exploratory activity, decreased number of social behaviors and an increased latency to social behaviors (Schneider and Przewlocki [@CR71]). At the cellular level, diminished acoustic prepulse inhibition, a measure of cellular adaptation to sensory input, is also characteristic of VPA injected rats. Interestingly, exposure of VPA treated animals to environmental enrichment reverses many of these effects including normalizing sensitivity to pain, reducing hypersensitivity to non-painful stimuli, reducing locomotor and repetitive stereotypic-like activity, enhancing exploratory activity, decreasing anxiety, increasing the number of social behaviors, shortening the latency to social explorations, and strengthening acoustic prepulse inhibition (Schneider et al. [@CR72]).

Fragile-X syndrome is a genetic disorder considered to be part of the autism spectrum and associated with atypical neural development. Symptoms of Fragile-X, including intellectual impairment, hypersensitivity, repetitive behaviors, and impairments in social interactions, are attributed to a failure to express the FMR1 gene. Animal models of Fragile-X involve manipulating or *knocking out* (KO) the gene attributed to the production of the FMR1protein to mimic the symptomatology expressed in the human population. Using a mouse model of Fragile X syndrome, Restivo and colleagues ([@CR64]) demonstrated that engagement in enriched environments largely reduced anxiety and increased exploratory behavior. Signs of hyperactivity, a hallmark of both human Fragile-X and the animal KO model, did not improve with the enrichment paradigm.

Rett Syndrome is another genetic disorder classified as an autism spectrum disorder. It is caused by mutations in an X-linked gene for methyl CpG-binding protein 2 (MeCP2). MeCP2 is believed to play an important role in controlling neuronal maturation in areas of the cortex, hippocampus, cerebellum, striatum, and thalamus (Stearns et al. [@CR76]). In the human population, Rett Syndrome is characterized by a pattern of apparently typical development for the first few years of life, followed by a progressive decline in motor and cognitive functions. Stereoptyed behaviors such as excessive hand wringing are also frequently observed (Christodoulou and Williamson [@CR14]). Several mouse models of Rett Syndrome have been developed (e.g. MeCp2^tm1Tam^ and MeCp2^1lox^) which have been shown to exhibit motor, cognitive, and behavioral features consistent with the human disorder (Stearns et al. [@CR76]). Environmental enrichment has been shown to improve motor coordination, motor learning, and/or locomotor activity in three different MeCP2 mutant strains (Kondo et al. [@CR35]; Lonetti et al. [@CR41]; Nag et al. [@CR47]). Lonetti and colleagues also found that environmental enrichment ameliorated memory deficits and reduced anxiety-related behaviors in MeCP2^tm1Jae^ KO females.

The effects of enriched environments have also been studied in mouse models of Fetal Alcohol Spectrum Disorders (FASDs). FASDs can occur in children whose mothers consume alcohol during pregnancy. Though the presentation of FASDs can vary in severity, behavioral manifestations in children generally include deficits in cognitive performance, executive functioning, and sensory-motor function (Jirikowic et al. [@CR31]; Kodituwakku [@CR34]). Rodent offspring whose mothers are exposed to ethanol display similar deficits. Attenuation of motor and learning deficits has been demonstrated in rodents (rats, mice) raised in or exposed to enriched conditions (Hannigan et al. [@CR28]; Wainwright et al. [@CR84]). Hannigan and colleagues found that rats exposed prenatally to alcohol and raised in impoverished conditions had locomotor gait dysmetrias indicative of ataxic gait. Environmental enrichment post-weaning ameliorated this atypical motor pattern and improved performance on a structured learning task. Similar improvements in spatial learning were found in prenatally ethanol-exposed mice (Wainwright et al. [@CR84]). Despite these changes in behavioral function, support for neurological changes in prenatally ethanol-exposed animals following environmental enrichment has not been documented (Berman et al. [@CR6]; Parks et al. [@CR54]; Wainwright et al. [@CR84]).

Lastly, Down syndrome is a common genetic cause of mental retardation, and is often accompanied by behavioral disorders and attention deficits (Visootsak and Sherman [@CR83]). A mouse model of Down syndrome (Ts65Dn mice) has been developed which replicates these impairments via a partial trisomy of murine chromosome 16 (MMU16). Female Ts65Dn mice exposed to enriched environmental conditions were found to demonstrate increased memory and spatial learning as measured using the Morris Water Maze (Martinez-Cue et al. [@CR43]). Conversely, maleTs65Dn mice exposed to the same experimental condition showed regression in performance, suggesting that some environmental effects may be gender dependent.

Other work using the enriched environment paradigm has focused on specific symptoms of neurodevelopmental disorders as opposed to using animal models which mimic the disorder itself. For example, high rates of spontaneous and persistent stereotyped behaviors (jumping, backward flipping) can be observed in deer mice (*Perromyscus maniculatus*) housed in standard laboratory cages (Powell et al. [@CR60]). Lewis and colleagues have studied this behavior extensively in this breed of rodents. Their findings indicate that mice housed in larger and more complex environments are less likely to engage in stereotyped behaviors compared to animals housed in standard conditions. The effects of this 'enrichment' were found both in early development and in adulthood. Further, mice exposed to the enriched environment in early development maintained the protective effects gained from the enriched condition even after they were placed in standard housing for an identical period of time (Powell et al. [@CR61]). Subsequent studies examined the neurobiological basis for the effects of enriched environments using this breed of deer mice. Grouping mice based on whether they did or did not develop stereotyped behaviors, investigators found that mice exposed to enriched considitions that did not develop sterotyipies (non-stereotypic mice) exhibited significantly more neuronal metabolic activity (assessed using cytochrome oxidase histochemistry) in the motor cortex, enhanced dendritic spine densities in the motor cortex and the striatum, and enhanced levels of brain-derived neurotrophin factor (BDNF) in the striatum (Turner and Lewis [@CR79]; Turner et al. [@CR81], [@CR80]). While stereotypic enriched-condition mice often showed gains above those housed in standard conditions, they failed to benefit from the enriched condition to the same extent as non-stereotypic enriched-condition animals. These researchers suggest that enriched mice that display stereotypies may fail to engage with the environmental enrichment in meaningful ways, and therefore do not display the neurological changes (e.g. dendritic growth) associated with enrichment.

Finally, there is evidence from primate research that prenatal stress can lead to behavioral deficits often observed in children with neurodevelopmental disorders, including sensory hypersensitivity, anxiety, impairments in social behavior, and alterations in the hypothalamic-pituitary-adrenal (HPA axis) (Schneider et al. [@CR73]). Work by Laviola and colleagues has replicated these findings in rodents and produced evidence that exposure to enriched environments can reverse some of the effects of prenatal stress (Morley-Fletcher et al. [@CR46]). In an experimental group of prenatally stressed rats, Laviola and colleagues found both neurological and behavioral improvements associated with engagement in an enriched environment, including increased social behavior and normalization of HPA axis reactivity (reduced peak and a return to baseline levels) (Laviola et al. [@CR38]; Morley-Fletcher et al. [@CR46]).

The findings reported here and summarized in Table [2](#Tab2){ref-type="table"} demonstrate that animal models of neurodevelopmental disorders may be useful in guiding understanding of the impact of interventions on behavior. Second, and more importantly, these studies indicate that a number of behavioral symptoms associated with neurodevelopmental disorders may be ameliorated or reduced with exposure to enriched environments, likely via mechanisms of experience dependent neural plasticity. Implications for the treatment of neurodevelopmental disorders in human populations need to be explored. Table 2Summary of neurodevelopmental animal model behavioral studies using environmental enrichment paradigmStudyDiagnostic/Behavior impairmentAnimal modelEnriched conditionBehavioral outcomes measuredFindingsSchneider et al. ([@CR73])AutismVPA rats (male only)Large cage (60 × 60 × 40 cm); stimulating materials including swings and wheel runners, materials changed every two daysNocioception, Tactile threshold, Sensorimotor gating, locomotor activity, repetitive/stereotypic behavior, exploratory activity, social behavior, social (play behavior), anxiety related behaviorExposure to enriched condition normalized response to pain, reduced tactile hypersensitivity, stronger acoustic pre-pulse inhibition, lower locomotor activity, reduced stereotypic behaviors, enhanced exploratory activity, decreased anxiety, increased social behavior.Restivo et al. ([@CR65])Fragile XFMR1-KO miceExposure to two enriched cages, variety of toys and materials presented including, climbing structure and running wheel. Materials changed every three days.Open field exploration, object habituation, hyperactivityEnrichment reduced anxiety-like behaviors in open field and restored object habituation. No effect of enriched condition on hyperactivity.Kondo et al. ([@CR35])Rett SyndromeMeCP2^tm1Tam^ miceLarger home cages with a variety of objects and running wheels. Objects changed every two days.Motor coordination, Locomotor activityEnvironmental enrichment improved motor coordination prevented progressive coordination deficit from developing in female mice only.Nag et al. ([@CR47])Rett SyndromeMeCP2^1lox^ mice (male only)Larger housing (470 mm × 250 mm × 210 mm), variety of objects including climbing structure and running wheel. Objects changed weekly.Locomotor activity, Balance and motor coordination, Fear conditioningEnvironmental enrichment improved locomotor activity and showed a trend towards improving freezing responses to contextual fear. No effects on motor coordination or cued fear conditioning were found.Lonetti et al. ([@CR41])Rett SyndromeMeCP2 miceNot describedMotor coordination, motor learning, anxiety-related behaviorEnrichment ameliorated motor coordination and motor learning deficits in males. Reduced memory deficits and anxiety related behavior in females.Martinez-Cue et al. ([@CR43])Down SyndromeTs65Dn miceLarger cage (42 × 50 × 20 cm) with climbing ladder, running wheel, and toys which were changed every three days. Foods of different tastes were added with varying degrees of difficulty to acquire them.Spontaneous activity, Exploratory behavior, Spatial memoryEnvironmental enrichment increased exploratory behavior for male and female Ts65Dn mice. Improved spatial learning was observed for females only.Martinez-Cue et al. ([@CR44])Down SyndromeTs65Dn mice (male only)Enrichment in standard housing with 2-3 mice per cage with toys, bedding, and increasing challenges to find food.Aggressive behavior, Anxiety-related behavior, Spatial learningPerformance was deteriorated in Ts65Dn mice exposed to the social enrichment condition.Enrichment in social condition with 8-10 animals per large cage (42 × 50 × 20 cm). Activity wheel and swing were provided as were increased challenges to find food.Hannigan et al. ([@CR28])FASDRats prenatally exposed to alcoholHoused 8 per cage in large arena (1 × 1 × .6 m). A variety of toys/materials were provided and changed every 3 days. Animals handled daily.Motor coordination (gait), Spatial memoryEnvironmental enrichment ameliorated ataxic gait patterns' and improved spatial learning in rats exposed prenatally to alcohol.Wainwright et al. ([@CR85])FASDRats prenatally exposed to alcoholHoused 12 per cage in larger cages (61 × 61 × 30 cm). Toys were changed every second day and the environment afforded opportunities to climb and dig.Spatial LearningImproved speed of learning in enriched animals.Powell et al. ([@CR62])Stereotyped BehaviorDeer Mice (*Permoyscus maniculatus*)Larger more complex housing (609 × 480 × 100 cm) equipped with bedding, mesh cylinders and places to hide.Exhibition of stereotyped behaviorsExposure to enriched housing condition reduced the amount of spontaneous stereotyped behavior exhibited in the mice.Turner et al. ([@CR82])Stereotyped BehaviorDeer Mice (*Permoyscus maniculatus*)Larger multi-compartment housing with ramps bedding, running wheel, shelter and toys. Objects changed on weekly basis. Bird seed scattered to encourage foraging behaviors.Exhibition of stereotyped behaviorsEnriched mice exhibited significantly less stereotypic behavior than standard-cage mice.Morley-Fletcher et al. ([@CR46])Prenatal StressRats prenatally exposed to stressLarger paired housing (40 × 25 × 30 cm) with a variety of materials, suspended objects, and a wheel. Objects were changed two times per week.Social interaction, Social (play) behaviorsFollowing enrichment, rats prenatally exposed to stress showed increased play behavior and reduced hormonal stress levels.Laviola et al. ([@CR38])Prenatal StressRats prenatally exposed to stressLarger social housing (40 × 25 × 30 cm) with a variety of materials, climbing platforms, and a wheel. Objects were changed every three days.Exploratory behavior, social interaction/play behaviorEnriched housing increased play behavior in prenatally stressed rats. No improvements in exploratory behavior were noted.Qian et al. ([@CR63])Prenatal StressRats prenatally exposed to stressLarger cages (80 × 60 × 40 cm) with 10 rats per cage. Cages equipped with wheel, shelter, toys, swings and tunnels. Tosy and materials changed once per week.Fearful behaviorReduced fearfulness seen in animals exposed to enriched environment.*VPA* valproic acid; *KO* knock out; *FASD* Fetal Alcohol Spectrum Disorder

Environmental controls: what is causing change? {#Sec5}
===============================================

Since enriched environmental paradigms have varied, with some emphasizing a range of sensory and motor exploration opportunities while others emphasize socialization with other animals, it has raised the question, *what aspect of the enriched environment are most salient in causing change*? It has been well documented that exercise alone has considerable positive effects on the brain including improvements in learning and memory (for a review see van Praag [@CR82]); it thus is feasible that increased motor activity may alone account for the global changes seen in the environmental enrichment paradigm. Thus far, however, this hypothesis has not proven true. For example, Percaccio and colleagues ([@CR56], [@CR57]) studied the effects of multiple environmental paradigms on rat's response to auditory tones. They found that auditory evoked responses were not altered by exercise or social stimulation, rather that rich auditory experiences themselves were the most effective in stimulating physiological plasticity of the auditory cortex. This suggests that for some sensory systems plasticity requires specific sensory input. Other studies have failed to show equivalent improvements in rodents exposed to wheel running only compared to rodents exposed to enriched environments, with those exposed to the enriched environment showing greater changes (Pang et al. [@CR51]; Pawlowicz et al. [@CR55]). Pang and colleagues ([@CR51]) suggest that while enhanced physical activity contributes to some of the beneficial effects of enrichment, sensory and cognitive stimulation are also essential components of this paradigm.

Renner and Rosenzweig ([@CR63]) examined the hypothesis that brain differences found in environmental enrichment are due to differences in social interaction or social play (wrestling & chasing). These investigators compared group-housed rats raised under standard conditions with group-housed rats raised in an enriched condition and found no consistent pattern of differences in social interaction between the groups. These authors suggested that social interaction may have some direct or indirect (e.g. the activity of one animal attracts the attention of another) impact on the effects of environmental enrichment, but that it cannot account wholly for changes in neurological structure or function. Martinez-Cue and colleagues ([@CR44]) further suggest that social interaction may actually have negative effects on cognitive performance in certain animal models of dysfunction. These researchers found that Ts65Dn mice, an accepted animal model for Down syndrome, showed diminished cognitive performance and higher stress hormones when placed in enriched housing in large groups. These authors concluded that that excess social stimulation may actually disturb the emotional and behavioral components of the learning process thereby having an overall impact on cognitive function.

Extrapolating from these findings, the key drivers of neural plasticity found in environmental enrichment studies, while perhaps somewhat dependent on the type of neural dysfunction, appear to include the availability of multiple relevant sensory experiences coupled with novelty in the environment, and opportunities for engagement in challenging cognitive, sensory, and motor tasks. Exercise (in contrast to free motor exploration of the novel environment) and social stimulation potentially add value to the overall effects, at least in some paradigms, and the combined effects of sensory, motor, and cognitive stimulation may be synergistic rather than simply additive (Pawlowicz et al. [@CR55]).

Further, neuroplastic changes tend to be functionally relevant. Animal studies of the auditory system have documented that neuroplastic changes result from both reward-associated effects and suppressive plasticity serving to reduce attention to non-target (distractor) inputs; neuroplasticity served to strengthen desired responses, and weaken those to distracters in the environment (Beitel et al. [@CR5]). Studies in rehabilitation with humans indicate that structural changes secondary to stroke are functional, serving to reconnect regions of the motor cortex with the spinal cord (Ward [@CR85]). These key features are important to keep in mind as we move on to consider how this body of knowledge can be used to inform the field of sensory integration intervention.

Models of environmental enrichment informing Ayres Sensory Integration research paradigms {#Sec6}
=========================================================================================

It must be made clear that none of the rodent studies reviewed in this paper employed specific sensory integration methods. However, given the documented effectiveness of enriched environments in improving multiple areas of function in animal models of neurodevelopmental disorders there is an impetus to look at the clinical translation of this work into intervention for the human population. Due to the similarity between the essential features of enriched environments and SI treatment, it seems reasonable to consider that SI treatment has potential to be effective in the amelioration of some of the symptoms associated with neurodevelopmental conditions. Clearly evidence for this translation has yet to be solidified; the parallels drawn in the ensuing discussion are speculative. While therapists have been examining sensory integration intervention for years, this investigative field is fraught with challenges. Parham et al., ([@CR53]) emphasized that while over 70 articles have been published based on Ayres' work, intervention fidelity is a major concern. Failure of researchers to explicitly describe sensory interventions, report principles guiding these interventions, or include procedures to monitor intervention delivery has led to the publication of many articles whose results are generally inconclusive (Parham et al., [@CR53]). Randomized controlled trials have yet to be performed using SI intervention, leaving many professionals doubtful about its utility in the clinical field (National Autism Center [@CR48]; Williames and Erdie-Lalena [@CR86]). None-the-less, Parham and colleagues ([@CR52]) have offered guidelines that provide explicit descriptions of the content and procedures inherent in SI intervention, making examination of its core features relative to environmental enrichment feasible.

The term "Ayres Sensory Integration®" (Ayres SI) used here has been coined to represent the model of intervention that reflects the structural and process elements identified as core to sensory integration treatment. The structural and process elements have been formulated into a treatment fidelity instrument which has been tested for inter-rater reliably and internal consistency with strong markers for both (ICC = .99, alpha = .99) (Parham et al. [@CR52]). This tool is an important step in testing whether Ayres SI is truly effective.

At this point methodological issues need to be addressed to pursue a program of research in this area. Questions that need to be answered include: What are the most salient features of intervention (e.g. motor activity, environmental challenges, or sensory experiences)? Is there an ideal combination of features, or must all be present in order for treatment to be effective?; What is the role of the therapist and what is the level of variability in outcomes relative to therapist skill in intervention delivery?; What outcomes can we expect from Ayres SI treatment?; Who is Ayres SI therapy appropriate for and/or at what point in the lifespan should therapy occur?; and What is the optimal 'dosage' and duration of treatment? We will use the environmental enrichment literature described above to inform and focus on two of these questions: what are useful outcomes to target based on what has been shown in environmental enrichment and how best to address potential confounds. Other issues will also be considered.

Drawing from evidence from models of environmental enrichment, the following variables seem appropriate as potential outcomes for Ayres SI treatment: decreased anxietydecreased hypersensitivity to non-painful stimulireduction/normalization of stress responses (e.g. salivary cortisol)increased social behavior and/or participationreduction in repetitive/stereotyped behaviorsincreased learning and memory (to be defined)

Exposure to enriched environments increased exploratory activity/behavior in animal models of autism, Fragile X syndrome, and Down syndrome. In addition, reductions in anxiety were displayed in the animal models of autism, Rett syndrome and Fragile X syndrome, and increased social behavior was noted in VPA-treated rats and rats exposed to prenatal stress. These findings suggest that when the animals are less anxious or fearful about their surroundings there is an increased motivation to engage with features of their environment. While this animal research cannot be directly applied to human populations, they provide data that must be seriously considered. If the outcome for these animal models of disability is reduced anxiety and possibly increased social participation following environmental enrichment, might these same outcomes be appropriate in examining the effectiveness of Ayres SI?

Reduced sensory hypersensitivity may be another outcome variable to consider with respect to Ayres SI. Sensory hypersensitivity has been linked to anxiety in children with ADHD and autism spectrum disorders (Reynolds and Lane [@CR65]; Pfeiffer et al. [@CR58]; Lane et al. [@CR37]). Sensory hypersensitivity has also been linked to heightened levels of salivary cortisol, the hormonal stress by-product of the HPA axis, in children with ADHD (Reynolds et al. [@CR66]). Reductions in hypersensitivity to non-painful sensory stimuli were noted in rat models of autism following environmental enrichment, and normalization of HPA axis reactivity was seen following environmental enrichment of rats exposed to prenatal stressors.

Reduction in repetitive/stereotyped behaviors has been shown to be an outcome of enriched environments using a non-diagnostic animal model (Powell et al. [@CR60]) and these behavioral changes have been associated with specific measures of neural plasticity (Turner and Lewis [@CR79]; Turner et al. [@CR81], [@CR80]). Smith and colleagues ([@CR75]) found similar behavioral results using SI treatment for children with pervasive developmental delay and mental retardation. In this study sensory integration intervention significantly reduced self-stimulatory and self-injurious behaviors suggesting that this treatment approach may be effective in reducing behaviors that interfere with the ability to participate in more functional activities.

Finally, animal models of conditions such as Alzheimers disease and Parkinson's disease suggest that environmental enrichment may be extremely beneficial for improving functional behaviors associated with enhanced learning and memory; these improvements are linked to neurogenesis of cells in the hippocampus. Such cognitive outcomes have not been examined to any extent in animal models of pediatric developmental disorders; the exception being an animal model of Rett syndrome where positive changes in procedural memory and motor learning have been documented following enriched conditions (Lonetti et al. [@CR41]). These findings should provide impetus for further studies. However, investigating any potential link between Ayres Sensory Integration© intervention and learning/memory changes will require careful identification of appropriate outcomes, and careful measurement of change. For example, will the child be expected to learn a new motor task (e.g. jumping jack), a new functional skill (e.g. shoe tying), or show improvements in an academic task such as reading or writing following a course of intervention? Is one outcome more likely than another? Quantifying such outcomes will present a challenge.

Research using animal models of enriched environment also provide us with insights as to what features of Ayres SI may be most salient. As noted previously, the key features in the enriched environment paradigms appear to be the presence of: multiple sensory experiencesnovelty in the environmentactive engagement in challenging cognitive, sensory, and motor tasks

Therefore, in terms of treatment, it should be the primary goal of the therapist to provide or facilitate multiple sensory experiences, set up the therapeutic environment to facilitate these experiences and exploration, introduce novelty into the environment and/or the activity, and consistently enhance complexity to instigate cognitive, motor and sensory challenges. In broad terms these requirements are very consistent with the structure and process features defined in the treatment fidelity tool described above.

In addition, control over potentially confounding variables will need to be examined. Confounding factors will include variability in physical activity and social engagement, and therapist variability in implementing these key features. To control for the variable of physical activity there are at least two options; 1) children engaging in treatment can wear accelerometers and activity variables can be accounted for statistically; or 2) research paradigms can be set up in which Ayres SI is compared to an exercise-only control condition similar to the animal model. A similar methodology could be employed to deal with the variable of social engagement where children can engage in traditional Ayres SI treatment (one on one with a therapist) or in small or large groups.

Variability of the therapist, or the therapist's role, certainly presents a greater challenge. Viewed from a very simple perspective however, the first step may be to compare an Ayres SI trained therapist to the provision of free access to a therapeutic environment with therapist supervision for safety. This second therapist would parallel the role of the researcher in the animal enriched environment model, which is to simply to set up the condition and make occasional changes. Parham et al., ([@CR53]) have demonstrated that independent raters can accurately distinguish between a trained therapist doing SI intervention and a caregiver supervising a child in a therapy room. If the importance of a trained therapist is substantiated, variability in outcomes based on therapists level of experience, skill, or involvement would be the next step in the research process.

In considering the question *for whom is SI therapy appropriate and/or at what point in the lifespan should therapy occur*, information may also be gained from the animal literature reviewed here. Outcome variables discussed above indicate that Ayres SI may be beneficial for individuals presenting with anxiety, hypersensitivity, repetitive/stereotyped behaviors or heightened levels of stress. Additionally, individuals with deficits in social behavior or social participation may show gains with this type of treatment (potentially due to reductions in anxiety, stress, and hypersensitivity). Due to implications for learning and memory, Ayres SI may also be important to consider for individuals with learning disabilities, developmental dyspraxia, or recovering from an acute neurological insult (brain injury or stroke). Further, mounting research suggests that environmental enrichment may be both preventative and restorative and its benefits can occur not only in pre-pubertal years but well into adulthood. In fact, this research raises the question of why Ayres SI has predominantly been considered for *children* with neurodevelopmental disorders, when evidence suggests that exposure to this type of treatment may be beneficial across the lifespan. Assessment of Ayres SI intervention across the lifespan will be a big task, and represents an extension of the current theoretical basis, but worth considering in future studies.

Answering the final question, that of dosage, is one that perhaps does not have a foundation in animal literature. The life span and developmental course of rodents differs greatly from humans, and a dosage plan for rodents does not translate to a dosage plan for children. However, it is interesting to note that in many of the environmental enrichments studies animals had free access to their enriched environments, meaning they could engage daily. Alternative designs involved several exposures a week. The questions related to minutes/session, times/week and overall duration for effectiveness of Ayres SI treatment will come from careful examination of experiences with children in the clinical setting, and careful study design.

Conclusion {#Sec7}
==========

The literature presented suggests that principles from basic science (primarily rodent) research, such as the environmental enrichment paradigm, may be used to inform research on interventions used to treat children with neurodevelopmental disorders. A review of studies using the environmental enrichment paradigm over the past 50 years suggests that engaging in an opportunity-rich environment with novel sensory, motor and cognitive challenges can initiate lasting and functional changes in the brain. These changes appear to correspond to a reduction in behaviors such as anxiety and hypersensitivity and an enhancement in social interaction, learning, and memory. Based on the overlapping essential features of the enriched environment animal model and Ayres Sensory Integration®, there is reason to deduce that this type of intervention may be appropriate for children with neurodevelopmental disorders paralleling diagnostic models used in the environmental enrichment studies. The challenge is to design rigorous studies that investigate this possibility.

The translation of animal enrichment models to human studies of Ayres SI requires consideration of a couple of issues. First, comparison groups in studies of enriched environments often involve low-stimulation or impoverished conditions; the same cannot be said for children beginning a course of sensory integration treatment. Most children in developing countries are at no loss for stimulation or opportunities to engage in a stimulating environment. Why then, would we expect therapy aimed at providing these opportunities to be effective? It appears that many children with neurodevelopmental disorders such as autism, while exposed to enriched home and school environments, lack the ability to effectively engage in those environments or to participate with objects and people in a meaningful way. Several animal studies have, in fact, shown that control animals benefit more from enriched environments than animals with impaired behavior, cognitive or social functioning (Berman et al. [@CR6]; Martinez-Cue et al. [@CR43]; Dierssen et al. [@CR16]; Turner et al. [@CR80]; Turner and Lewis [@CR79]; Turner et al. [@CR81]). This would suggest that it is not simply *exposure* to the environment but *engagement* with the environment (e.g. physical, social) that is essential to bring about neurological changes. Children with cognitive, behavioral, social, sensory, or motor deficits may need the assistance of a trained therapist to maximize their ability to engage in complex environments. Neuronal plasticity involved in learning appears to be highly dependent upon sensory inputs that are meaningful, in that they reliably predict behaviorally reinforcing events (Blake et al. [@CR8]; Polley et al. [@CR59]; Seitz and Wantanabe [@CR74]).Therefore, meaningful engagement in sensory integration treatment may be accomplished, in part, through enhancing motivation and attention to task (Kleim and Jones [@CR33]). As such, for the use of Ayres SI with humans, it will not be a simple matter of creating a generically enriched environment, but instead one that addresses the specific needs of the child and capitalizes on the therapeutic alliance, as has been suggested by Parham and colleagues ([@CR52], [@CR53]). The unique feature of Ayres SI relative to the child's typical environment therefore, is the therapist working to create and provide sensory opportunities specific to the needs of the child, and to facilitate interaction and motivation, support optimal arousal, and work beyond the therapy session with families and teachers (Parham et al., [@CR53]). The therapist in this case serves as the scientist might, to tease out the specific aspects of the enrichment paradigm that best meets the needs of the child.

The second issue to consider is how Ayres SI treatment can be conceptualized and studied within the broader field of rehabilitation of neurodevelopmental disorders. Sensory integration theory suggests that adequate processing of sensory information provides a foundation for more advanced adaptive responses and participation in cognitive and motor tasks (Ayres [@CR2]; Baranek [@CR3]). From this perspective, SI treatment emphasizes processing of sensation as the foundation for the higher level cognitive abilities to organize, integrate and utilize this information in environmental interaction. The input focus is sensory-based, the output from the child is active environmental interaction. In contrast, explicit skill-based training is focused on the skill itself. The input is skill repetition and practice, the output is a specific skill. Skill-based programs have been be classified as 'top-down' because of the emphasis on the cognitive drive to produce the desired response (Marshall [@CR42]). From a rehabilitation perspective, it might be argued that a top-down approach would be more appropriate for treating deficits associated with neurodevelopmental disorders. In fact, both human and animal research has shown enhanced neural plasticity in specific brain regions associated with repetitive task training (e.g. reaching task). While factors such as intensity, time and salience matter when it comes to these training paradigms, there is a plethora of research to show that repetition of specific tasks can stimulate both behavioral changes (e.g. ability to perform specific behavior) and changes in neuronal connectivity (for a review see Kleim and Jones [@CR33]). There is still some question, however, if isolated task training can effectively generalize to functional changes in performance. A meta-analysis by French and colleagues ([@CR24]) suggests that repetitive task training for lower limbs may be effective in bringing about functional activity gain in post-stroke patients, while repetitive training of upper limbs is not. Further research certainly is warranted to explore these methods of rehabilitation; and additional studies specific to functional outcomes in children with neurodevelopmental disabilities will be imperative. It may be worth considering that a combined approach of environmental enrichment (or Ayres SI) and repetitive task training may be the most efficacious for stimulating neural plasticity and long lasting functional changes.

In addition to differing from approaches that are skill based, Ayres SI differs from what are termed 'sensory stimulation' approaches to intervention. Such sensory stimulation interventions would clearly fall into what has been termed 'bottom-up' approaches; approaches that do not require the conscious effort or engagement of the client (Blake et al. [@CR8]; Marshall [@CR42]). Ayres SI does not fall easily into either bottom-up or top-down categories; there is clear emphasis on sensory input as key, but there is equal emphasis on interaction with both social and physical environments, thus requiring higher level processing and engagement. Importantly for this paper, neither 'top-down' nor sensory stimulation approaches share the essential features delineated earlier that link environmental enrichment and sensory integration. Thus, while there may be some efficacy in the use of other approaches, discussion of these topics is outside the realm of this paper.

Specific to pediatric neurodevelopmental disorders, behavioral intervention models (e.g. applied behavioral analysis \[ABA\]) have emerged as the most used and scientifically validated techniques for treating children with autism. However, while changes in specific skill acquisition have been demonstrated, evidence continues to be needed regarding generalizability of gained skills, both across tasks and across environments. Learning skills through reward and repetition has some grounding in the research reviewed here, but the approach used with ABA is quite different from that seen in the animal studies. Whether actual neuroplastic changes take place, and can be maintained, remains unclear. While proponents of ABA advocate for the intensive and sole use of this approach (Foxx [@CR23]), there is evidence to suggest that meaningful, lasting, and functional changes in the brain can be achieved through use of other sensory-motor strategies. It is certainly too soon to discount the effects of these types of treatments when research on the etiology of the neurodevelopmental disorders and factors impacting long term outcomes are still being considered. Future work in the area of basic science may help to elucidate the salient aspects of therapeutic approaches which can be targeted to address specific symptoms or behavioral manifestations of neurodevelopmental disorders. It is certain that there is not one treatment (pharmacological or rehabilitative) that will address all of the symptoms of all conditions which affect the development of children. The role of translational research will be imperative in using knowledge gained in basic science and applying it to human populations. As noted by Kleim and Jones ([@CR33]); "...findings from animal models of neurological disorders do not automatically translate to specific recommendations for the clinic. Rather, our role is to study neurobiological phenomenon related to functional recovery and to identify fundamental principles that may help to guide the optimization of rehabilitation" (p. S225).
